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Accepted 8 July 2017We report a case inwhich elbow ﬂexion exercises using the upper limb single-joint Hybrid Assistive Limb (upper
limb HAL-SJ) were implemented in a patient 13 months postoperatively following elbow ﬂexion reconstruction
with intercostal nerve transfer after a traumatic brachial plexus injury. Treatment using the upper limb HAL-SJ
was administered once a week for 10 sessions from 13 to 16 months after surgery. Exercises using the upper
limb HAL-SJ supported elbow motion by detecting bioelectric signals through surface electrodes on the biceps
and triceps brachii. No adverse events were observed during treatment with the upper limb HAL-SJ. Improve-
ments in elbow ﬂexion strength were observed during treatment. Treatment with the upper limb HAL-SJ can
be performed safely and effectively following elbow ﬂexion reconstruction by intercostal nerve transfer after a
traumatic brachial plexus injury.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Traumatic brachial plexus injury is a severe peripheral nerve palsy
resulting in upper limb dysfunction. Intercostal nerve transfer repre-
sents one method of elbow ﬂexion reconstruction and allows approxi-
mately 60 to 90% of patients to actively ﬂex their elbow against
gravity after surgery for brachial plexus injury [1–4]. The remaining pa-
tients can exhibit poor recovery of elbow ﬂexion even after surgery. Al-
though the known risk factors for poor recovery include age, duration of
time between injury and surgery, and surgical technique, rehabilitation
after surgery is also an important factor in long-term recovery [5]. As a
promising rehabilitation method, biofeedback therapy has been report-
ed to support re-innervation of the biceps brachii after intercostal nerve
transfer [6]. Biofeedback therapy has been used to facilitate voluntary
muscle contraction of the biceps muscle, replacing the original function
of the intercostal nerve to innervate respiratory muscles [6].Medicine for Musculoskeletal
-1, Tennodai, Tsukuba, Ibaraki
).
. This is an open access article underThe upper limb HAL-SJ is a wearable robot that can support elbow
ﬂexion and extension motion (Fig. 1a, b). The features of the upper
limb HAL-SJ enable well-synchronized voluntary elbow motion by de-
tecting weak muscle action potentials through surface electrodes on
the upper arm (Fig. 1c), enhancing elbow ﬂexion and extensionmotion
even in patients with a grade 1manualmuscle test (MMT).We hypoth-
esized that treatment with the upper limb HAL-SJ could potentially be a
novel biofeedback therapy following intercostal nerve transfer for bra-
chial plexus injury. This is the ﬁrst report of the application of the
upper limb HAL-SJ following intercostal nerve transfer surgery for bra-
chial plexus injury, showing its safety and feasibility.2. Case presentation
The patient was a 35-year-old woman. She sustained a left brachial
plexus injury (C5, 6, 7 preganglionic injury), multiple facial fractures,
brain contusion, and traumatic subarachnoid hemorrhage in a motor
vehicle trafﬁc accident. Three months after the injury, elbow ﬂexion re-
construction including intercostal to musculocutaneous nerve transfer
and accessory to suprascapular nerve transfer was performed becausethe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. a, b: Upper limb single-joint HAL (upper limb HAL-SJ). The upper limb HAL-SJ has the actuator (power unit) in the elbow joint on the lateral side. c: Surface electrodes on the biceps
brachii and triceps brachii.
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eratively, conventional electromyographic (EMG) biofeedback was
started when muscle re-innervation (Medical Research Council
(MRC), grade 1) was detected in her biceps brachii by needle EMG.
Elbow ﬂexion recovered to MRC grade 3 twelve months after surgery.
Elbow ﬂexion exercises using the upper limb HAL-SJ (Suppl. Video
1) were initiated 13 months after surgery. Upper limb HAL-SJ exercises
were performed once a week for 10 sessions as an outpatient. Elbow
ﬂexion exercises using the upper limb HAL-SJ were performed 50–100
times per session in a seated position (Fig. 2). A therapist operated the
controller and supported the device during performance of the elbow
exercises. The surface electrodes of the upper limb HAL-SJ were at-
tached to the skin over the biceps and triceps brachii. Any adverse
events during treatment with the upper limb HAL-SJ were carefully ob-
served and collected at every session.
At the start of every session, theMRC grade, active ﬂexion ROM of the
elbow joint, elbow ﬂexion 10-second testing, and dynamometric testing
using a hand-held dynamometer (HHD) were evaluated without use of
the upper limb HAL-SJ. The Disability of the Arm, Shoulder, and Hand
(DASH) questionnaire was used to assess upper limb physical function.Fig. 2. Elbow ﬂexion treatment using the upper limb HAL-SJ.For elbow ﬂexion 10-second testing, the number of repetitions of active
elbow ﬂexion that could be performed in 10 s was recorded. HHD testing
was evaluated according to the method described by Andrews et al. [7]
with slight modiﬁcations as follows. The patient was placed in a seated
position with the shoulder in a neutral position, the elbow joint ﬂexed
to 90° (on the desk), and the forearm in supination. The dynamometric
sensor was positioned 5 cm proximal to the crease of the wrist, and the
forearm was ﬁxed to the desk using a belt. We instructed the patient to
performmaximal elbow ﬂexion, and three measures were used to calcu-
late the mean maximum elbow ﬂexion power.
The patient completed all 10 sessions of treatment using the upper
limb HAL-SJ with no adverse events. The treatment period using the
upper limb HAL-SJ was from 13 to 16 months postoperatively. Remark-
able improvements in elbow ﬂexion power were observed after 10 ses-
sionswith the upper limbHAL-SJ, as indicated by improvements inMRC
grade from 3 to 4 (Table 1). Active ROM in elbow ﬂexion, DASH scores
(Table 1), HHD testing, and elbow ﬂexion 10-second testing (Fig. 3a, b,
Suppl. Video 1) also improved after treatment with the upper limb
HAL-SJ.
3. Discussion
In the present case, rehabilitation using the upper limb HAL-SJ fol-
lowing intercostal nerve transfer surgery for brachial plexus injury
was performedwithout any adverse events, showing the safety and fea-
sibility of this method of treatment.
Conventional EMG biofeedback therapy can be started with a grade
1 MMTwith reinnervation of the biceps brachii 6–8 months after inter-
costal nerve transfer. Patients can learn how to control biceps muscleTable 1
The results for MRC grade, active ROM in elbow ﬂexion, and DASH score at baseline and
after treatment.
aMRC grade bROM of elbow ﬂexion (°) cDASH score
At baseline [3] (good) 130 37.1
After the treatment [4] (excellent) 145 21.6
a MRC: Medical research council grade.
b ROM: Range of motion.
c DASH: Disability of the Arm, Shoulder, and Hand questionnaire.
Fig. 3. a: Change in HHD (hand-held dynamometer) testing during upper limb HAL-SJ sessions. b: Change in elbow ﬂexion 10 second testing during upper limb HAL-SJ sessions.
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sounds from their biceps brachii recorded through a surface electrode,
as a form of audiovisual biofeedback [8]. However, EMG biofeedback
therapy alone cannot create voluntary elbow motion. In contrast, the
upper limb HAL-SJ can assist elbow ﬂexion triggered by muscle action
potentials detected by surface electrodes. Assisted elbow joint motion
can evoke sensory input from the elbow joint, possibly resulting in sen-
sory feedback. The addition of sensory feedback from assisted elbow
joint motion with the upper limb HAL-SJ may enhance the therapeutic
effect of biofeedback therapy for brachial plexus injury patients.
In conclusion, the present case shows that treatmentwith the upper
limb HAL-SJ is safe and feasible for elbow ﬂexion reconstruction after
brachial plexus injury. Although further exploration is needed to
prove true efﬁcacy, this is the ﬁrst step towards the clinical application
of the upper limb HAL-SJ for brachial plexus injury.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.inat.2017.07.005.
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